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Fast proton conduction mechanism is of key importance for achieving high performance in fuel cell membranes, batteries, super-
capacitors, and electrochromic materials. Enhanced proton diffusion is often observed in hydrated materials where it is thought
to occur via the famous Grotthuss mechanism through pathways formed by structural water. Using first-principles density-
functional theory calculations, we demonstrate that proton diffusion in tungsten oxide dihydrate (WO3 ·2H2O), a known good
proton conductor, takes place within the layers of corner-sharing WO6 octahedra without direct involvement of structural water.
The calculated proton migration barrier in WO3 ·2H2O (0.42 eV) is in good agreement with the experimental value inferred
from the temperature dependence of conductivity (0.36 eV). The preferred proton diffusion path in WO3 ·2H2O is essentially
the same as in γ-WO3, and we find an activation energy of 0.35 eV for the latter, which agrees well with the experimental values.
In contrast to the small intercalation voltages calculated for WO3 and WO3 ·2H2O, we find that proton absorption in the mono-
hydrate WO3 ·H2O is energetically highly favorable, corresponding to voltages in excess of 1 eV in the dilute limit. However,
strong proton-proton repulsion limits the equilibrium H content at zero voltage. We find a fast one-dimensional diffusion channel
in WO3 ·H2O with an activation energy of only 0.07 eV at dilute proton concentrations, but much higher barriers are expected
at near-equilibrium concentrations due to strong repulsive interactions with other protons. Our results illustrate that low proton
diffusion barriers and low insertion voltages both contribute to fast proton transport in bulk WO3 ·2H2O and γ-WO3.
1 Introduction
Fundamental understanding of the mechanisms of proton con-
duction is crucial for the development of fuel cell membranes,
batteries, supercapacitors and electrochromics.1–3 It is com-
monly believed that proton diffusion in hydrous materials
occurs via a Grotthuss type mechanism facilitated by water
molecules.4 For instance, fast protonic transport in hydrous
ruthenia (RuO2 · xH2O) has been attributed to the existence
of structural water at grain boundaries.3 The appearance of a
strongly rate-dependent contribution to the charging capacity
of ruthenia at very slow rates suggests that proton diffusion in
bulk RuO2 is kinetically hindered,
5 a conclusion which is sup-
ported by a high migration barrier found in first-principles cal-
culations.6 Recently, tungsten oxide dihydrate (WO3 ·2H2O)
was observed to have a relatively high proton conductivity
(7×10−3 S/cm at 423 K) and low proton activation energies
for bulk (0.36 eV) and surface (0.15 eV) diffusion,7 demon-
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strating its potential for use as a proton conductor at low and
medium temperatures (273–423 K). The presence of layered
water in the crystal structure of WO3 ·2H2O again seemingly
suggests that the Grotthuss mechanism contributes to proton
diffusion through this compound, but our knowledge of the
actual proton diffusion kinetics in WO3·2H2O is limited. In
particular, it remains an open question whether proton trans-
port in WO3 ·2H2O is mediated by the structural water layer
in this compound. A related question is whether the much
higher bulk proton conductivity of WO3 ·2H2O in compari-
son with the monohydrate, WO3 ·H2O, can be explained by
the absence of hydrogen-bonded layers of structural water in
the latter.
This paper reports a comparative first-principles study of
proton intercalation and transport in a series of structurally
related solids (γ-WO3, WO3 ·H2O, and WO3 ·2H2O) that in-
corporate corner-linked networks of WO6 octahedra. Using
density-functional theory (DFT) calculations, we investigate
the crystal structures, bonding, electronic properties, proton
intercalation energetics, and energy barriers for proton dif-
fusion. We find that intercalated hydrogen donates charge
to the empty orbitals in the tungsten oxide layer. Surpris-
ingly, our results show that proton diffusion in WO3 ·2H2O
occurs through the layers of corner-sharing WO6 octahedra
and does not involve the hydrogen-bonded H2O network in
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the structural water layer. This is explained by the fact that
the preferred adsorption site for the intercalated proton is at
one of the bridging oxygen ions where it forms a bond with
a nonbonding O 2p orbital. Diffusion is facilitated by a low
energy cost for a concerted rotation of the interlinked WO6
octahedra that is involved in ”swinging” the adsorbed pro-
ton around the bridging oxygen ion. Our calculations show
that this configuration is approximately 0.3 eV more favor-
able than the formation of a hydronium ion (H3O
+) in the wa-
ter layer. Since the anhydrous γ-phase WO3 also contains a
corner-linked network of WO6 octahedra, we find that pro-
ton diffusion in this material follows the same mechanism
and has a similar activation energy. A more complex behav-
ior is predicted for the monohydrate WO3 ·H2O. At dilute
concentrations, protons adsorb at the terminating oxygen site
where they can diffuse along one-dimensional zig-zag path-
ways running in the [100] direction between the octahedral
layers. The calculated barrier of proton migration along the
one-dimensional pathways is low (0.07 eV). In a marked dif-
ference from γ-WO3 and WO3 ·2H2O, hydrogen absorption
in WO3 ·H2O is energetically highly favorable (by more than
1 eV/H) and the dilute limit is not experimentally relevant.
We calculate that at non-dilute concentrations the majority of
protons adsorb within the octahedral layers and strong proton-
proton repulsion limits the equilibrium zero-voltage hydro-
gen concentration in HyWO3 ·H2O to y values in the 10–20%
range. To explain why only surface diffusion contribution
is observed for WO3 ·H2O,7 we hypothesize that the one-
dimensional diffusion channels are blocked due to repulsive
interactions with the protons in the octahedral layers. We also
suggest that the bulk diffusion mechanism predicted for WO3
and WO3 ·2H2O is not operational in WO3 ·H2O at non-dilute
concentrations, because adsorbed protons cause a stiffening of
the octahedral layer with respect to the rotations of the WO6
octahedra, inhibiting a key step in the proton diffusion mech-
anism.
2 Methods
The Perdew-Burke-Ernzerhof (PBE)8 exchange correlation
functional and the projector augmented wave (PAW) method9
as implemented in the Vienna Ab Initio Simulation Package
(VASP)10 were used in all our calculations. We used bulk
supercells of γ-WO3 (WO3 ·H2O/WO3 ·2H2O) containing 32
(16/16) formula units. In all cases, plane wave basis sets with
an energy cutoff of 875 eV were used to expand the elec-
tronic wave functions, and 2×2×2 Monkhorst-Pack11 k point
meshes were used to sample the Brillouin zone. Convergence
tests showed that with these settings the total energies were
converged to within 2 meV per formula unit, compared to cal-
culations with a 10×10×10 Monkhorst-Pack k point mesh.
Atomic coordinates were fully relaxed until all forces were
below 0.02 eV/A˚ and cell parameters were relaxed until com-
ponents of the stress tensor were below 0.4 kbar. Our tests
for tungsten oxide dihydrate showed that spin-orbit coupling
(SOC) effects increase the calculated proton intercalation volt-
age by only 0.03 eV, and hence SOC is neglected in the results
reported here. Proton diffusion pathways between two locally
stable proton sites are calculated using the nudged elastic band
(NEB) method12 with at least five intermediate images. The
transition state obtained by NEB was further refined using the
climbing nudged elastic band (cNEB) method.13 Activation
barriers presented here include quantum tunneling corrections
calculated at 298 K using the formalism of Fermann and Auer-
bach.14
In electrochemical experiments, proton intercalation is ac-
companied by an electron insertion. This process is modeled
computationally as insertion of neutral hydrogen atoms. Using
the reversible hydrogen electrode as a reference, the voltage of
proton insertion in the dilute limit is calculated as6
V =
∆G
e
, (1)
where ∆G is the free energy of proton intercalation in bulk
WO3 · xH2O (x = 0,1,2). ∆G can be calculated from the fol-
lowing expression:
∆G=G[Hm+1(WO3 · xH2O)n]−G[Hm(WO3 · xH2O)n]
− 1
2
G◦[H2]
(2)
where G[Hm(WO3 · xH2O)n] is the total free energy of bulk
supercell of WO3 · xH2O with m additional hydrogen atoms,
G[Hm+1(WO3 · xH2O)n] is the total free energy of bulk
WO3 · xH2O with m + 1 additional hydrogen atoms, and
G◦[H2] is the standard state free energy of hydrogen gas at
atmospheric pressure and T = 298 K.6
3 Results
3.1 Structural properties
The crystal structure of tungsten oxide dihydrate (shown
in Fig. 1a) belongs to the monoclinic P21/n space group.
This structural framework consists of a connected network of
corner-sharing WO6 octahedra (shown in grey in Fig. 1c) and
two types of water molecules. The first type, called ”coordi-
nated water”, shares its oxygen with the tungsten ion, while
the other, referred to as ”interlayer water”, is located within
the (010) plane between the layers of WO6 octahedra (see
Fig. 1a and 1b). As marked in Fig. 1a, there are four types of
oxygen sites in WO3 ·2H2O: coordinated water oxygen (Oc),
bridging oxygen (Ob), terminating oxygen (Ot), and interlayer
water oxygen (Oi). Within the distorted octahedra, the relaxed
Fig. 1 a) Crystal structure of tungsten oxide dihydrate, where Oc, Ob, Ot and Oi represent coordinated water oxygen, bridging oxygen,
terminating oxygen and oxygen in interlayer water respectively, and C-H2O, I-H2O denote coordinated water and interlayer water, b)
hydrogen-bonded network, c) a tungsten-oxygen octahedral layer. Protons are shown in red, oxygen ions in blue, tungsten ions in white and
WO6 octahedra in grey.
W-Ob bond lengths range from 1.86 to 2.03 A˚, and the dis-
tance between the W and Ot ions is 1.75 A˚, much shorter than
the length of the W-Oc bond (2.31 A˚). The variation in W-O
bond lengths is due to different types of bonding: (1) an Ot ion
is only bonded to a W ion, (2) each Ob ion is bonded to two
W ions within octahedral planes, and (3) weak W-Oc bonding
because of strong OcH bonding in the sp3 hybridization. A
more detailed analysis of the electronic structure and bonding
in WO3 ·2H2O is given in Section 3.2.
Rietveld refinement results for WO3 ·2H2O do not con-
tain the coordinates of hydrogen atoms because the XRD
patterns of WO3 ·2H2O were determined by Cu-Kα radia-
tion (1.54056 A˚), which has a longer wavelength than typ-
ical O-H distances.7 Since WO3 ·2H2O and MoO3 ·2H2O
share the same space group and exhibit identical arrangements
of the metal and oxygen ions, we obtained the structure of
WO3 ·2H2O by taking the hydrogen positions from the crys-
tal structure of MoO3 ·2H2O as input and relaxing all degrees
of freedom. The calculated a, b and c lattice parameters are
10.57, 14.12, and 10.67 A˚, respectively, slightly larger than the
experimental values (a= 10.48, b= 13.97, and c= 10.62 A˚),
while the relaxed value of the monoclinic angle β = 90.48◦
is slightly smaller than that in the experiment (91.59◦). The
differences of crystal parameters between our DFT calcula-
tions and the XRD data are below 3% and can be attributed
to the approximate nature of the PBE exchange-correlation
functional, as has been well documented in the computational
chemistry community.15–17 It is also found that the discrep-
ancy of the lattice parameter in the b direction is slightly larger
than in the other two directions. This can be attributed to the
inappropriate description of the van der Waals force between
the interlayer water molecules and the WO6 octahedra in the b
direction arising from the use of the PBE exchange correlation
functional in our calculations.8
To further verify that the generated crystal structure is rea-
sonable, we calculated the reaction enthalpy of the dehydra-
tion reaction WO3 ·2H2O −→WO3 ·H2O+H2O(l), defined
by:
∆H = H[WO3 ·H2O]+H◦[H2O(l)]−H[WO3 ·2H2O] (3)
where H[WO3 ·H2O], H[WO3 ·2H2O] and H[H2O(l)] are the
enthalpies of crystalline WO3 ·H2O and WO3 ·2H2O, and
liquid H2O, respectively. The enthalpies of WO3 ·H2O and
WO3 ·2H2O can be well approximated by the DFT total en-
ergies whereas accurate enthalpy value for liquid H2O is dif-
ficult to obtain from DFT directly. Here, we approximated
H◦[H2O(l)] by using the reaction enthalpy ∆H
◦
r (3 kJ/mol) of
another dehydration reaction, WO3 ·H2O−→WO3+H2O(l),
under standard conditions,18 and the DFT total energies of
WO3 ·H2O and WO3:
H◦[H2O(l)]≈ E[WO3 ·H2O]−E[WO3]+∆H◦r . (4)
The reaction enthalpy obtained from Eq. (3) is 36 kJ/mol,
while the experimentally measured value is 40 kJ/mol.7 This
good agreement is an indirect justification of the validity of
our computational methodology.
With the same space group (P21/n) as tungsten oxide dihy-
drate, the room-temperature monoclinic phase of tungsten ox-
ide (γ-WO3) is characterized by a three-dimensional (3D) net-
work of corner-sharing WO6 octahedra that are aligned along
the b axis, as shown in Fig. 2a. W ions are off-center in the oc-
tahedra, which results in six different W-O bond lengths (see
Fig. 2b). The W-O bond lengths in the a direction are ap-
proximately the same (1.89 and 1.94 A˚), while in the b and c
directions the W-O distances vary from 1.78 to 2.16 A˚. These
distortions have been attributed to a second order Jahn-Teller
effect.19
Tungsten oxide monohydrate differs from the dihydrate by
the absence of the hydrogen-bonded interstitial water layer,
but it contains a similar network of corner-sharing WO6 octa-
hedra with three types of oxygen ions (see Fig. 2d): bridging
oxygen ions (Ob) connecting the octahedra within the layer,
each shared by two W6+ ions, and terminating and coordi-
nated oxygen ions (Ot and Oc, respectively) on the opposite
tips of each WO6 octahedron; Oc is bonded to two hydrogen
ions, forming a water molecule. We point out that the Ot oxy-
gen ions are arranged in one-dimensional (1D) rows running
along the a direction and, as will be shown below, these rows
act as easy diffusion channels in the dilute limit.
3.2 Electronic structure
Tungsten oxide dihydrate is predicted to be a direct-gap semi-
conductor with a calculated PBE band gap of 1.16 eV, as
shown in Fig. S1 in the Electronic Supplementary Information
(ESI).†For comparison, the calculated values of band gaps for
WO3 ·H2O and γ-WO3 are 0.85 and 1.34 eV (see Fig. S2
and S3 in ESI†), significantly smaller than the experimental
values of 2.17 eV and 2.6 eV, respectively.20–22 To the best
of our knowledge, experimental values of the band gap of
WO3 ·2H2O have not been reported. Since the color of dihy-
drate samples is yellow,23 the band gap is expected to be larger
than 2 eV. It is well understood that nonlocal exchange correla-
tion (xc) functionals are needed to achieve satisfactory agree-
ment between the calculated and experimental band gaps in
Fig. 2 (a) Crystal structure of anhydrous monoclinic γ-phase of
tungsten oxide, γ-WO3. (b) An octahedron in γ-WO3. (c) Proton
diffusion in γ-WO3. (d) Crystal structure of monoclinic tungsten
oxide monohydrate, WO3 ·H2O.
Fig. 3 Electronic density of states (eDOS) of (a) pure tungsten oxide dihydrate and (b) proton-intercalated tungsten oxide dihydrate. The
fermi levels are indicated by dashed lines.
WO3.
24,25 However, intercalation voltages and diffusion bar-
riers, which are of main interest here, are expected to be less
sensitive to nonlocal xc corrections if the additional electrons
occupy delocalized d bands.26 Good agreement between the
calculated and experimentally measured intercalation voltages
obtained below a posteriori justifies our use of the semi-local
PBE functional. Finally, we note that the electronic bands of
both hydrates are flat in the direction perpendicular to the oc-
tahedral layers (see Fig. S1 and S2 in ESI†), indicating that
there is practically no wave function overlap across the gap
between the layers.
The calculated electronic density of states (eDOS) of
WO3 ·2H2O is shown in Fig. 3a, and the atom- and angu-
lar momentum-decomposed eDOS can be found in Fig. S4
in ESI.†The energy bands can be divided into three groups:
a) states between −20 and −16 eV below the Fermi level,
mainly originating from the oxygen 2s orbitals, b) states be-
tween −8 and 0 eV, chiefly formed by the oxygen 2p orbitals,
and c) bands above the Fermi level of predominantly tungsten
5d character. Specifically, the deep-lying valence bands from
−20 to −19 eV are due to the 2s orbitals of the Oi/Oc ions.
Both the Ot and Ob 2s orbitals are overlapped by W 5d, 6s,
6p orbitals in the octahedral field, yielding σ bonded states in
the region from −18 to −16 eV. The sharp peaks in the range
from −8 to −7 eV originate from σ bonding hybrids between
Oi/Oc 2p orbitals and H 1s orbitals. States between −7 and
−1.5 eV are σ/pi bonding hybrids formed by hybridizing O 2p
and W 5d orbitals, and the corresponding antibonding hybrids
are in the conduction bands between 1 and 9 eV. We observe
that the peaks in the −1.5 to −0.5 eV range are from the non-
bonding p orbitals of the Ob ions, which point perpendicular
to the tungsten-oxygen octahedral layers. They are shown to
play an important role in the proton adsorption and diffusion
mechanisms described in Section 3.4.
Fig. 4 Free energies of proton intercalation in WO3 ·2H2O.
Inserted protons are shown in yellow.
3.3 Proton intercalation sites in dihydrate
The candidate intercalation sites for external protons in
WO3 ·2H2O were determined by constructing a regular real-
space mesh with a spacing of 0.2 A˚ and choosing those grid
points that satisfy the following criteria: (1) the distance be-
tween the extra proton and at least one oxygen ion is between
0.8 and 1.8 A˚, (2) the distance between a tungsten ion and the
additional proton is above 1.2 A˚, and (3) the distance between
a native hydrogen ion and the intercalated proton is larger than
1.0 A˚. These criteria take into account the fact that hydrogen
and tungsten ions are positively charged and therefore repel
each other and that stable proton intercalation sites will be
near the O2− anions. For all sites satisfying these criteria, the
structure was relaxed to the local energy minimum. Fig. 4
shows the free energies of proton intercalation in WO3 ·2H2O
for different sites at 298 K. The spread of the energies for each
type of oxygen site in Fig. 4 is due to the intrinsic distortion
of the WO6 octahedra and due to the different orientations of
the two types of water molecules near the intercalation sites.
As discussed in Section 3.1 and Fig. 1, there are four types
of oxygen sites in WO3 ·H2O. It was found that protons pre-
fer the bridging oxygen sites, where the lowest free energy is
-0.12 eV, corresponding to a proton insertion voltage of 0.12
V. For the other three types of oxygen sites, the free energies
are positive, indicating that proton adsorption at these oxygen
sites is thermodynamically unfavorable at 298 K. Specifically,
a proton at the Oc site is both thermodynamically unfavorable
and kinetically unstable, because it repels the coordinated wa-
ter oxygen while relaxing towards and bonding to either one
of the terminating oxygen ions or to an oxygen ion in the in-
terlayer water.
Fig. 5 Charge density distribution of an additional electron in
proton-intercalated WO3 ·2H2O relative to WO3 ·2H2O. To
facilitate the comparison, the ions in WO3 ·2H2O are fixed to their
positions in proton-intercalated WO3 ·2H2O. For visual clarity, the
hydrogen ions are not shown except the inserted proton (red). The
electron accumulation region is shown in yellow while the depletion
region is green. To describe the d orbitals in the WO6 octahedra, a
new coordinate system, rotated by 45 degrees around the b axis, is
introduced.
The proton-intercalated structure with the lowest total en-
ergy was used for further electronic structure analysis. After
introducing a hydrogen atom into the system, tungsten oxide
dihydrate becomes metallic (see Fig. 3b). In comparison with
the electronic density of states (eDOS) of pure WO3 ·2H2O,
the eDOS of proton-intercalated WO3 ·2H2O shifts the Fermi
level from the band gap to the bottom of the conduction band
formed by empty pi∗ bonding originating from W 5d and
bridging oxygen 2p orbitals. This interpretation is further sup-
ported by visualizing the electronic charge density distribution
of the extra electron (shown in Fig. 5). It can be seen that this
electron is largely confined around the O-H group with some
delocalization into the W 5dxy orbitals within the same tung-
sten layer. The extra electron charge density does not delo-
calize between the layers because there is no wave function
overlap across the gap, in agreement with the existence of a
flat band dispersion perpendicular to the layers (see Fig. S1
in ESI†). The formation of small polarons is not expected
in WO3 ·2H2O because the structure of the WO6 octahedra is
similar to that in crystalline WO3, and polarons are not favored
in the latter.27,28
3.4 Proton diffusion
3.4.1 WO3·2H2O. In water and in hydrates where water
molecules form hydrogen bonds, proton diffusion can pro-
ceed via the Grotthuss mechanism.29 In this mechanism, a
proton is transferred from hydronium H3O+ to another wa-
ter molecule via an intermediate formation of a Zundel cation
H5O+2 , which consists of two water molecules sharing a pro-
ton. Unexpectedly, we do not observe this mechanism in
WO3 ·2H2O. There are two reasons for this behavior. First, a
coordinated water molecule is not able to form a Zundel cation
(H5O
+
2 ) with another water molecule, because the Oc ion is
one of the ligands in the WO6 octahedron and reorientation of
a coordinated water molecule costs too much energy. Second,
the nearest-neighbor distance between two Oi ions is 3.55 A˚,
while the formation of H5O
+
2 usually requires much closer O-
O distances on the order of 2.6∼2.8 A˚.30
Instead of the Grotthuss mechanism, proton diffusion in
WO3 ·2H2O proceeds through the octahedral tungsten oxide
layer, shaded green in Figures 1a and 6a. The proton diffu-
sion path is shown red in Fig. 6a and the relevant Ob ions
within the WO6 layer are labelled O(1) through O(7). The
diffusion mechanism consists of two steps. In the first step,
the proton starts out at a site near a bridging Ob ion shared by
two WO6 octahedra, such as near the O(1) ion in the upper-
left corner of Fig. 6a. Then the proton rotates approximately
180 degrees around the W-Ob-W axis [W-O(1)-W in Fig. 6a].
This rotation is facilitated by the fact that the proton remains
bonded to one of the bridging oxygen’s nonbonding 2p or-
bitals, which rotates with the proton, as can be seen in the
Fig. 6 Proton diffusion in dihydrate: a) diffusion path, b) activation
barriers, and transition states of c) proton rotation around O(4) and
d) proton hopping from O(4) to O(7).
atom- and momentum-decomposed eDOS curves (see Fig. S5
in ESI†). To accommodate the proton in the final state, there
are pronounced rotations of the surrounding octahedra around
the b axis, which widen the angle O(3)-O(1)-O(2) and create
a local environment for the proton that is similar to the initial
state (see Movie S1 in ESI†). To examine if the strain caused
by these octahedral rotations can be relaxed in a bulk solid, a
larger supercell containing 32 formula units was used to verify
the results (see Movie S2 in ESI†). The calculated activation
barrier for proton rotation in the larger supercell is 0.21 eV,
which agrees well with the values obtained from the smaller
16 formula unit supercell. It also shows that the corner-linked
octahedral layer is quite flexible with respect to correlated ro-
tations of the octahedra.
In the second step, the proton hops towards the diagonal
bridging oxygen site, e.g., from O(1) to O(4) or from O(4) to
O(7) in Fig. 6a. The small difference in the energy barriers
for the O(1)→O(4) and O(4)→O(7) hops, shown in Fig. 6b,
is caused by the different arrangement of coordinated water
molecules in the octahedra and by the intrinsic distortions of
the octahedra. After the second step, the proton rotates again
as in the first step. The total activation energy for this two-step
process is 0.42 eV, which is in good agreement with the value
of 0.36 eV deduced from experimental measurements.7
Hopping between neighboring oxygen sites in the (010)
plane [for instance, from O(4) to O(5) or from O(4) to O(6)]
has a significantly higher energy than the two-step process
outlined above because the corresponding transition state in-
volves large distortions of the WO6 octahedra (see Movie S3
in ESI†). Hence, protons prefer to move diagonally as plot-
ted in Fig. 6b. Although the two-step diffusion process rep-
resents a one-dimensional diffusion pathway, the diffusion as
a whole is two-dimensional due to the symmetry of the WO6
layer. Indeed, the described mechanism also works for proton
diffusion in the perpendicular O(5)→O(6) direction.
3.4.2 γ-WO3. Since a proton diffuses through the octa-
hedral layer in the dihydrate without direct participation of
the structural water molecules, it is reasonable to expect that
a similar proton diffusion mechanism should operate in other
structurally related tungsten oxides, in particular γ-WO3. As
expected, we find that the proton diffusion in γ-WO3 also fol-
lows the same two-step process as that in the dihydrate (see
Fig. 2c). The barrier for the proton rotation step indicated by
the dashed black arrow in Fig. 2c is 0.12 eV, while the hop (la-
belled by the solid blue arrow) has an activation energy of 0.35
eV. This process results in an activation energy of 0.35 eV for
proton diffusion in γ-WO3, in good agreement with the value
of 0.4 eV measured by Randin et al.31 The predicted proton
insertion voltage in γ-WO3 is 0.11 V, which reproduces the re-
dox peak position (0.2 V relative to SHE) in published cyclic
voltammetry measurements with slow sweep rates.1
In what follows we hypothesize how structural and com-
positional modifications may affect proton transport rates in
γ-WO3. It has been reported that heterogeneous atom dop-
ing, such as nitrogen doping, can narrow the band gap of
tungsten oxide and improve the absorption of sunlight in wa-
ter splitting applications.32 Effect of heterogeneous doping
on proton diffusion in γ-WO3 is difficult to predict in gen-
eral, but it is conceivable that the associated disorder may
stiffen the corner-linked octahedral network and therefore hin-
der concerted atomic relaxations during the proton rotation
and hopping steps. This would lead to slower diffusion rates.
Faster kinetics of proton diffusion was observed in nanoparti-
cle WO3,
33 and we suggest that it might be contributed by the
surface proton diffusion. Finally, we note that the mechanisms
of lithium and sodium diffusion in γ-WO3 will likely be dif-
ferent from that of the proton diffusion. Due to the nature of
ionic bonding of alkaline ions in γ-WO3 rather than covalent
bonding of H-O, the Li+/ Na+ ion occupies the site in the cen-
ter of the cage formed by eight WO6 octahedra.
34 Activation
energy will be determined by hopping between these cages,
not by the proton transfer steps shown in Figure 2c.
3.4.3 WO3·H2O. In the dilute limit (HyWO3 ·H2O, y =
0.06), the calculations predict that the proton adsorption en-
ergy at the Ot site is 0.25 eV lower than at the Ob site. In
the absence of structural water, the Ot-H dimer points to the
nearest Ot, i.e., Ot1-H points to Ot2 in Fig. 2d. A zigzag chain
formed by the Ot ions along the [100] direction acts as a fast
proton diffusion channel with an activation energy of only
0.07 eV, much lower than the calculated activation energies
in γ-WO3 and WO3 ·2H2O. Even though this value suggests
that transport of individual protons in defect-free monohydrate
crystals can be very fast, we will argue below that the pres-
ence of crystalline defects and strong repulsive interactions
with other protons are likely to slow the diffusion significantly
due to the one-dimensional fast diffusion pathways.
We first discuss the energetics of proton adsorption. Using
10.8×10.7×10.4 A˚ supercells with 16 formula units, the cal-
culated dilute limit voltages of proton intercalation at the Ot
and Ob sites are 1.18 V and 0.93 V, respectively. These num-
bers are much higher than those in γ-WO3 and WO3 ·H2O,
showing that proton intercalation is energetically highly fa-
vorable and suggesting that the dilute limit is not relevant
to the conditions used in experimental kinetic measurements.
Adding an additional proton to the supercell (corresponding
to a concentration y= 0.13 in HyWO3 ·H2O) changes the en-
ergetics dramatically: the second proton prefers to adsorb at
the bridging oxygen site and the lowest energy configuration
corresponds to an intercalation voltage of 0.11 V. This calcula-
tion shows that the mutual repulsion of protons is very strong,
most likely due to poor screening of the positive charges of
the intercalated protons. The calculated diagonal entries of
the high-frequency dielectric tensor ε∞αβ are 5.3, 3.3, and 5.5,
lending support to this idea. The diagonal entries of the static
dielectric tensor ε0αβ are calculated to be 182.0, 4.6, and 50.9.
The high values for the in-plane screening are reflective of
the easy deformability of the WO6 octahedral layer, while in
the direction perpendicular to the layers the screening remains
small. While the values of the dielectric constants are sugges-
tive, the most persuasive evidence for strong proton-proton re-
pulsion comes for the pronounced concentration dependence
of the calculated intercalation voltages.
The atomic configuration of the Ob-H dimer is practically
the same as in the dihydrate (see Fig. 4). The activation energy
for proton diffusion within the octahedral layers is found to
be 0.52 eV, significantly higher than the value calculated for
the zigzag chain, but comparable with the activation energies
in γ-WO3 and WO3 ·H2O. The calculated migration barrier
between the Ot and Ob sites is very high (0.95 eV) and hence
difficult to overcome at ambient conditions. This indicates that
the Ot-Ot and Ob-Ob diffusion paths are isolated and protons
cannot make a transition from one to the other.
We hypothesize that with increasing proton concentration
all of the one-dimensional zig-zag channels will be eventually
blocked by one or more protons adsorbed within the octahe-
dral layers at one of the nearby Ob sites. For the channel to re-
open, these bridge-site protons have to diffuse within the layer,
which requires the two-step process shown in Fig. 6. A key el-
ement in the first (O-H rotation) step of this mechanism is a
concerted rotation of the surrounding WO6 octahedra around
the b axis to make space for the proton in the final state. While
it is relatively inexpensive in the dilute limit, the presence of
additional protons will hinder the rotation because it would
not allow compressing the Ob-Ob-Ob angle at their adsorp-
tion sites. We have attempted to quantify the energetic cost of
such an event, but unfortunately have not been able to obtain
a converged transition state structure using the NEB method.
Systematic studies of proton diffusion at high concentrations
would be interesting, but are beyond the scope of this paper.
To summarize, we propose that the mere presence of fast
diffusion pathways in the monohydrate does not guarantee
good proton transport properties. Due to the much stronger
preference for proton uptake and due to weak screening of
Coulomb interactions, repulsive interactions between the in-
tercalated protons are likely to block the fast one-dimensional
diffusion channels as well as inhibit the two-dimensional dif-
fusion observed in γ-WO3 and WO3 ·H2O. Presence of struc-
tural defects, which are thermodynamically favored in suffi-
ciently large samples, is likely to further degrade the diffu-
sion kinetics through the one-dimensional zig-zag channels in
a manner similar to the well-studied case of olivine battery
materials.35
4 Conclusions
In summary, crystal structures, electronic properties, hydro-
gen intercalation energetics, and migration barriers in the
WO3 · xH2O (x = 0,1, and 2) family of hydrated oxides have
been investigated using DFT calculations. In contrast to the
naı¨ve expectation that proton diffusion in hydrates should oc-
cur via the Grotthuss mechanism, our results show that the in-
tercalated proton diffuses through the layers of corner-sharing
WO6 octahedra and does not involve the hydrogen-bonded
H2O network in WO3 ·2H2O. There are several factors that
combine to produce this interesting behavior: (1) intercalated
protons prefer to bind to one of the bridging oxygen sites due
to the existence of non-bonded 2p orbitals, (2) a hydronium
ion in the water layer is thermodynamically unstable, and (3)
the distortion of the octahedral WO6 layer introduced by the
adsorbed proton can be relaxed in a small region, resulting in
lower proton migration barriers. The same diffusion mecha-
nism and similar proton migration barriers have been found in
the room-temperature γ-phase of WO3. In contrast, the mono-
hydrate WO3 ·H2O follows different mechanisms of proton
diffusion. In the dilute limit, the intercalated proton diffuses
along one-dimensional zig-zag pathways running in the [100]
direction between the octahedral layers. The zig-zag pathways
are formed by apical Ot ions and the calculated migration bar-
rier is only 0.07 eV. Due to the stronger energetic preference
for proton absorption, a much higher concentration of protons
is predicted to exist in HyWO3 ·H2O under typical experimen-
tal conditions. At non-dilute concentrations, our results indi-
cate that strong repulsive interactions exist between the inter-
calated protons. We hypothesize that proton-proton repulsion
in combination with structural defects will block the fast one-
dimensional diffusion channels, while the presence of a high
concentration of protons in the octahedral layers will hinder
the rotation step necessary for the two-dimensional intralayer
mechanism operating in γ-WO3 and WO3 ·2H2O. This argu-
ment provides insight into the reasons why bulk proton trans-
port in WO3 ·H2O is suppressed, as indicated by experimental
measurements which can only detect a surface contribution.7
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